INTRODUCTION
Microphthalmia with linear skin defects (MLS), or MIDAS (microphthalmia, dermal aplasia and sclerocornea) syndrome is a rare X-linked dominant neurodevelopmental disorder. It is characterized by the presence at birth of linear, erythematous skin defects on the face and neck that heal to form hyperpigmented areas in nearly 100% of patients; eye abnormalities (microphthalmia, corneal opacities, sclerocornea and orbital cysts) in over 75% of cases; brain abnormalities (agenesis of the corpus callosum, ventriculomegaly, microcephaly) in about 40%; mild to severe mental retardation in 24%; and cardiac abnormalities (arrhythmias, septum defects, cardiomyopathy) in 18% (1) (2) (3) (4) . Most patients are female, but rare males with a 47,XXY or a 46,XX karyotype with Xp;Y translocations have been described (4) (5) (6) (7) (8) (9) . Deletions of the short arm of one X chromosome involving Xp22. 3 to Xpter have been identified in all girls with MLS syndrome, except for one atypical patient who has only the skin defects and in whom a chromosomal defect has not been found (3) .
Cytogenetic analysis combined with breakpoint mapping on somatic cell hybrids from patients with various phenotypes and terminal deletions involving Xp assigned the critical deletion interval for MLS to Xp22.31, centromeric to the Kallmann syndrome gene (KAL) and telomeric to the gene for amelogenin (AMELX) (10) (11) (12) between the telomeric breakpoint of patient BA333, the largest deletion seen in a patient who has no features of MLS and the centromeric breakpoint of patient BA325, the smallest deletion seen in a patient with typical MLS syndrome (12) .
Three genes with functional characteristics that make them good candidates to contribute to the phenotypic features of MLS syndrome are associated with the human critical region (13) (14) (15) . The centromeric boundary-breakpoint (BA325) is within ARHGAP6, which encodes a rho GTPase activating protein (GAP). This gene is transcribed in a centromere to telomere direction and spans 500 kb. A newly described patient with typical features of MLS has a breakpoint centromeric to exon 6 of ARHGAP6, which is the first exon that encodes the GAP domain of this protein (16) . Rho GTPases belong to the superfamily of ras-related GTPases that participate in signal transduction to regulate the actin cytoskeleton and are implicated in diverse processes such as neurogenesis, cell motility, apoptosis and neural crest cell migration (17) (18) (19) . The ARHGAP6 protein has specific GAP activity for rhoA (20) .
The second gene in the MLS region is HCCS, which is located 15 kb telomeric to ARHGAP6 and encodes the human holocytochrome c-type synthetase. This highly conserved gene spans 11 kb of genomic DNA and is ubiquitously expressed, with highest levels in heart and skeletal muscle (13, 21) . Homologs of HCCS (cytochrome c heme lyases; CCHL) (22) (23) (24) localize to the mitochondrial intermembrane space where they trap apocytochrome c when it translocates through the outer mitochondrial membrane (25) . CCHL also directly promotes covalent attachment of heme to apocytochrome c, resulting in formation of holocytochrome c (24, (26) (27) (28) . This essential function suggested to us that deletion of HCCS could result in the male lethality and possibly other features of MLS syndrome.
The coding region of the third gene, MID1, is strictly outside the MLS critical deletion interval, at its telomeric boundary, but it was identified because 5 0 untranslated exons of this gene in humans (15) reside within the critical region, and their deletion may thus contribute to part of the phenotype (15, 29) . MID1 had already been identified by Quaderi et al., who found it to be mutated in X-linked Opitz G/BBB syndrome (30) . Opitz G/ BBB syndrome is not male lethal and loss-of-function mutations of MID1 appear to be compatible with male viability (29) (30) (31) . Mid1 is expressed in the first and second branchial arches at E10.5 (30) and the MID1/midin protein participates in a signaling pathway that promotes microtubule stabilization (32) (33) (34) .
The clinical findings of MLS syndrome overlap significantly with two other X-linked dominant conditions, Aicardi syndrome and Goltz syndrome or focal dermal hypoplasia (FDH), that are exclusively (Aicardi syndrome; 100%) or predominantly (FDH; 95%) observed in females (3, 35) and in which genomic rearrangements have never been observed. The classic triad of Aicardi syndrome consists of chorioretinal lacunae, agenesis of the corpus callosum and infantile spasms (36) , but skin defects are not present. Two MLS patients with an Xp22.3 deletion had pigmentary retinal lesions that were similar to the punched-out lacunae seen in Aicardi syndrome (35, 37, 38) . Goltz patients commonly have microphthalmia, linear skin lesions, skeletal anomalies of the limbs and less commonly have agenesis of the corpus callosum (39, 40) . Based on the overlapping phenotype, both Aicardi syndrome and FDH were assigned to Xp22.3 (35, 38) and we and others have hypothesized that they are allelic to MLS and caused by mutations in the gene or genes that are deleted or disrupted in MLS syndrome (4, (13) (14) (15) 41) .
We performed mutation screening of the coding regions of these three genes (ARHGAP6, HCCS and MID1) on genomic DNA from Aicardi and Goltz patients, but no mutations have been found to date (13) (14) (15) . This probably indicates that these conditions are not allelic with MLS syndrome, although alternatively the pathologic mutations may not be in the coding sequence of these genes.
We therefore chose an alternative approach to understand the contribution to the MLS phenotype of the genes in the critical region by engineering mouse models with overlapping deletions similar to the human MLS deletion. In this report we describe the generation and initial characterization of these mutant mice. We found that inactivation of the Hccs gene results in early embryonic lethality of the mutant mice. This phenotype can be rescued by expression of a human HCCS transgene. Such 'rescued' male and female animals have no obvious phenotype, and we conclude that loss of HCCS causes the male lethality of human MLS syndrome.
RESULTS

A null mutation of Hccs is incompatible with survival of mouse embryonic stem cells
We replaced exons 2, 3 and 4 of the mouse Hccs gene with a targeting cassette containing a neomycin resistance gene and exons 1-2 of an HPRT minigene. Since ES cells used in gene targeting are male and Hccs is on the X chromosome, we expected that Southern analysis of correctly targeted clones with the 5 0 and 3 0 external probes would reveal a single 10.5 kb fragment after digestion with ScaI and a 6.9 kb fragment after digestion with SpeI (Fig. 1A) . After electroporation of the ES cells with the targeting construct, we observed poor growth of the colonies under negative selection. Southern analysis of 100 surviving ES cell clones showed only four that appeared targeted, but they also retained the wild-type band (Fig. 1B) . To understand the origin of this wild-type band, we performed FISH analysis with a probe within the MLS region on metaphase spreads derived from such ES cells and found that they were all polyploid and contained wild-type X chromosomes (data not shown). Occasional polyploid cells can exist in ES cell cultures and we hypothesized that the absence of Hccs function in correctly targeted cells led to preferential survival of these colonies. The Hccs genomic locus is only 11 kb and contains small introns; attempts to generate a conditional allele of this gene yielded similar results, suggesting that the insertion of the targeting cassette caused enough disruption of the gene's expression in these cultured ES cells (data not shown).
Detailed characterization of a previously generated null mutation of the functional domain (rhoGAP domain) of the Arhgap6 gene did not reveal a phenotype in hemizygous, homozygous and heterozygous animals (20) . However, since these mutant mice still expressed a truncated mRNA, it could not be excluded that the exons encoding the remaining 470 amino acid protein still contribute to the MLS phenotype.
To definitively understand the relative contribution of ARHGAP6, HCCS and MID1 to the MLS phenotype, we designed a deletion strategy.
Inactivation of 61b3r, the mouse homolog of a 5 0 untranslated exon of MID1, creates an anchor point for the murine MLS deletion An STS marker determines the telomeric end of the human MLS critical region (15) . This sequence, named 61B3R, was found to be a 5 0 untranslated exon of the MID1 gene that is only expressed in human cerebellum (15) . Since we did not detect expression of the conserved mouse exon in a wide range of examined adult and embryonic tissues (not shown), we reasoned that its inactivation would not result in a significant phenotype. We therefore chose it as the telomeric anchor point to generate a deletion between the rhoGAP domain of Arhgap6 and 61b3r, similar to the human MLS critical region. A 2.0 kb genomic fragment containing the 61b3r sequence was replaced with a targeting cassette containing exons 3-9 of an HPRT minigene, a puromycin resistance gene and a loxP site in the correct orientation for later generation of a deletion when double targeted with the Arhgap6 construct (Fig. 2) . The length of the targeting vector's flanking arms for homologous recombination was 4.5 kb. We first tested the 61b3r replacement allele as a single targeting event. As expected, homozygous and hemizygous mice were fertile and had no obvious phenotype. Targeted alleles were transmitted in the expected Mendelian ratios and Mid1 mRNA expression was normal, as was histological screening of adult tissues and baseline neurobehavioral analysis (data not shown). We concluded that deletion of this sequence has no overt functional consequences in the mouse.
Generation of mice targeted to create an MLS deletion
Prior to generating deletions of the orthologous region in the mouse, we also demonstrated that the order and orientation of the three genes (MID1, HCCS and ARHGAP6) associated with the human MLS critical region is conserved in mice (15) (Fig. 2A) . The 61b3r targeting construct was then electroporated into 129/SvEv ES cell clone 72D3, which was previously targeted with the Arhgap6 construct and had given germline transmission of this mutation (20) . This double-targeted allele is hereafter referred to as MLS 2loxP . Targeting at 61b3r was identified by an 8.4 kb and a 6 kb fragment; targeting of Arhgap6 was identified by a 10.5 kb ApaI and a 11.5 kb BamHI fragment on Southern analysis as previously described (20) (Fig. 2B and  D) . Three independent electroporations resulted in 69 of 245 (28%) correctly double-targeted ES cell clones. Because the loci are on the X chromosome and ES cells are derived from a male embryo, all double-targeted ES cell clones have the similarly oriented loxP sites in cis. This allows for the generation of a $400 kb deletion that can be detected by Southern analysis with NdeI. The deletion replaces the targeted fragments of 6.5 and 9.2 kb at the Arhgap6 and 61b3r loci, respectively, by a single novel 7.7 kb fragment (Fig. 2C ). This deleted allele is hereafter referred to as MLS D . We attempted to induce this deletion at the ES cell stage by electroporation of a Cre recombinase-expressing plasmid. This resulted in poor growth of the cultures and yielded no clones that contained only a deleted allele. These results were consistent with our observations during generation of the Hccs null allele and again supported that loss of Hccs function, in this instance by deletion of the entire genomic locus, leads to lethality of the male ES cells. Two different ES-cell clones were then injected into C57BL6/J blastocysts to generate two lines of mice carrying the MLS 2loxP double-targeted allele, as a source to subsequently generate the deletions in vivo. As expected from previous observations on single targeted 61b3r and Arhgap6 mice, homozygous and hemizygous MLS 2loxP mice appeared healthy and fertile, and both lines were used for further experiments.
Mice with the MLS D deletion only survive when the deletion is mosaic
To circumvent the ES cell-lethality, we chose to generate deletions by mating MLS 2loxP double-targeted mice to a line of mice that express a Cre-recombinase transgene driven by an EIIa viral promoter. This promoter drives expression in the oocyte and earliest embryonic cell divisions, and has been successfully used to generate ubiquitous deletions in vivo (42, 43) . As predicted, when we intercrossed mice carrying the Cre recombinase transgene to MLS 2loxP mice, we never observed Southern analysis of tail genomic DNAwith NdeI. This band was consistently fainter than the wild-type and/or targeted alleles in the same lanes (Fig. 2D , middle panel), suggesting that the deletions were present in a mosaic pattern, but were never ubiquitously generated in all cells. Table 1A also shows that /X) for the mosaic allele. The numbers for offspring of these females were combined. more mosaic alleles were obtained when the ratio of doublefloxed alleles compared with wild-type X chromosomes in the parents is higher (compare row 1 with rows 2 and 3). To confirm this observation, we mated hemizygous MLS 2loxP /Y doubletargeted males to wild-type (X/X) females. Three separate matings resulted in a total of seven out of 25 (28%) female offspring with both a double-targeted and a deleted allele (Table 1A , row 3). Since the double-targeted X chromosome is contributed by the male, such offspring must be mosaic for the deletion. We then analysed various tissues of these mice for levels of mosaicism and found tissue-specific differences (Fig. 3) . Both male and female mice with mosaic deletions were apparently healthy and fertile. However, we also observed a trend toward smaller litter sizes (LS: 4.5) and a higher percentage of mosaic deleted offspring when more double-targeted or mosaic deleted alleles were present in the parental genotypes. As seen in Table 1 , there are no offspring with deletions when a single mosaic deleted allele is present in the parents (Table 1B ; top row); in comparison, 60% of all females or 20% of all offspring are mosaic when both parents carry a mosaic or floxed allele (Table  1B ; bottom row). Together, these findings indicate that ubiquitous deletions of the Hccs gene are lethal in the mouse. The fact that we did not observe any heterozygous deleted females in these initial matings may explain why MLS syndrome is a rare disorder in humans. Most heterozygous affected females may not survive to birth unless they have skewed X inactivation in favor of the non-deleted X chromosome. The observed mosaicism in the surviving male deleted mice is conceptually comparable to the skewed X-inactivation patterns seen in female patients with MLS syndrome.
A human HCCS transgene rescues the lethality of the MLS D deletion
The preceding data indicated that loss of function of Hccs is responsible for the male lethality of MLS syndrome. However, Hccs is not the only gene that may be affected by the deletion. Exons 6 to 14 of Arhgap6 and the 5 0 region of Mid1 are also involved and their disruption could contribute to the MLS phenotype. To address this issue, we generated transgenic mice expressing a human BAC clone (GS602M16; 65716 bp) containing the 11 kb HCCS gene with >40 kb of upstream regulatory sequence and exons 12-14 of ARHGAP6 (Fig. 4A) . The transgene is detected by a human-specific 7.5 kb band by Southern analysis of HindIII-digested tail DNA from the founders and their offspring (Fig. 4B) . Two founder animals carried the transgene in approximately equal copy numbers, but only one line with approximately five copies of the transgene showed expression by Northern and RT-PCR analysis. Detailed analysis revealed that the BAC was rearranged in the non-expressing line (not shown). The expressing line of mice was then used for all further experiments. Homozygous and heterozygous HCCS-transgenic mice are healthy and fertile and have no obvious phenotype. Gross pathological and microscopic analysis of brain, heart, muscle, kidney, liver and spleen also did not reveal any anomalies.
We then crossed double-targeted MLS 2loxP
;EIIa-Cre recombinase-positive animals (hereafter referred to as MLS 2loxP ; Creþ) with mice that carry the HCCS BAC-transgene (hereafter referred to as HCCSþ). In contrast to our findings without the transgene (Table 1A) (Table 2B ), confirming that germline transmission of the MLS D allele is possible on an HCCStransgenic background. All such offspring with deletions carry the HCCS BAC transgene, except for one heterozygous deleted MLS D /X;Creþ female (discussed below). We examined the expression of human HCCS, mouse Hccs, Mid1 and Arhgap6 by RT-PCR analysis on total RNA extracted from brain, heart, liver and muscle of a MLS D /Y;Creþ;HCCSþ male. As expected, the human HCCS transgene was expressed, while the deletion abolished the expression of the endogenous mouse Hccs gene, but did not affect Mid1, and resulted in the expression of a truncated Arhgap6 mRNA (Fig. 5B) . We previously showed that a mutation generating a truncated Arhgap6 protein is compatible with normal survival and has no obvious phenotype in female homozygous and male hemizygous mice (20) . These combined data provide further support for the inactivation of HCCS causing the male lethality of MLS syndrome.
To date, 25 of 26 MLS
D /X females from various matings between deleted parents carry the HCCS transgene. We would have expected only 17/26 to carry the transgene if rescue of the lethality by HCCS were not needed for survival of mice with the MLS D /X genotype (this number was derived from the (Fig. 5C ) and at 9 months of age has only produced seven liveborn offspring, none of whom carry the deleted allele. The rarity of the MLS D /X genotype in mice is consistent with human MLS syndrome and is further evidence that the generated deletion is a faithful model for this disorder. It is possible that the phenotype is more severe in the mouse than in humans, but an alternative, more likely explanation is that the majority of heterozygous human females affected with this deletion also do not survive until birth. This is consistent with the rarity of MLS syndrome in humans and may be explained by patterns of X chromosome inactivation in surviving individuals that favor the non-deleted X chromosome. Our clinical observation that a patient with an MLS deletion and a mild phenotype, because of favorably skewed X-chromosome inactivation, miscarried an anencephalic female fetus with the same deletion corroborates this interpretation (4).
Variable embryonic phenotype of deletions
The reduced litter sizes and absence of deleted viable offspring observed in matings aimed at generating deletions indicated that the deletions are embryonic lethal. To investigate the timing and cause of this lethality, we set up timed matings. First, we examined embryos at embryonic day E10.5 and E9.5 from matings between MLS 2loxP /MLS 2loxP ;Creþ females and MLS 2loxP /Y;Creþ males without the human HCCS transgene. We found that 15 out of 21 embryos appeared abnormal, with the severity of the defects ranging from complete resorption to delayed development and abnormalities suggesting gastrulation defects. PCR-based genotyping of DNA extracted from yolk sacs revealed that 11 of 17 embryos that had sufficient tissue to be genotyped contained both targeted alleles and deleted alleles. However, the PCR-based genotyping would not allow us to determine unequivocally whether these embryos were mosaic or ubiquitously deleted in all tissues. We then performed timed matings between (MLS D /Y;Creþ;HCCSþ) males and (MLS D MLS D ;Creþ;HCCSþ), (MLS D /X;Creþ;HCCSþ) or wild-type (X/X) females. We evaluated pregnancies at E8.5, E9.5 and E10.5. The numbers of embryos recovered at each stage were similar to expected values based on average litter size, and 42% appeared abnormal ( Fig. 6; Table 3 ). We also found variability in the severity of the embryonic phenotype of the deletions from these matings (Fig. 6) , as well as normalappearing deleted, HCCS-negative embryos present until E9.5, but not at E10.5 (Table 3) . These data are consistent with lethality of the deletions prior to E10.5. The number of deleted embryos that do not express human HCCS is much smaller than those that do express this transgene. Interestingly, the percentage of abnormal embryos in the group with MLS D ;HCCSþ genotypes (22/47; 47%) was higher than in the group with wild-type genotypes (12/38; 32%). This suggests that other variables may affect the completeness of the rescue by HCCS. All experiments were performed on a mixed genetic background with various contributions of 129/SvEv, C57BL6/J and FVB genotypes. Hence, it is possible that the phenotype is influenced by modifier alleles such as the Xce locus (44, 45) . This, together with possible subtle variations in expression of the human HCCS transgene compared with endogenous Hccs, could explain the embryonic abnormalities. Nevertheless, we obtained adult mice that were completely rescued from the lethal effects of the deletion by HCCS expression, which allows us to conclude that HCCS is a critical gene for lethality of MLS syndrome.
DISCUSSION
Understanding the pathogenesis of MLS syndrome is uniquely challenging: the condition is rare, X-linked dominant male lethal and, in all patients known to date, caused by deletions of the short arm of the X chromosome involving the region Xp22.31 (4) . Three genes are affected by this deletion (13) (14) (15) , but since no point mutations are known, the contribution of each gene to the MLS syndrome pathogenesis can best be determined via the generation of mouse models. In addition to the generation of single-gene loss-of-function mutations, the availability of chromosome engineering techniques using Cre-loxP mediated recombination allowed us to create a model of the complete MLS syndrome deletion in the mouse. We demonstrated that an Hccs null mutation is not compatible with ES cell survival. In vivo generated deletions resulting in complete loss of Hccs lead to embryonic lethality that can be rescued by overexpressing the human HCCS gene from a BAC that contains all 5 0 regulatory elements of this gene. These data provided the proof that HCCS results in the male lethality of MLS syndrome.
HCCS is a highly conserved gene (13) and even though detailed studies have not been performed in mammals, information about its homologs in lower organisms such as C. elegans and N. crassa indicate that it has an essential role in the proper incorporation and function of holocytochrome c in the mitochondrial respiratory chain (22) (23) (24) (25) (26) (27) (28) . Holocytochrome c plays an essential role in oxidative phosphorylation by shuttling electrons from complex III to complex IV of the respiratory chain. In addition, release of cytochrome c from mitochondria and its subsequent binding to procaspase 3 in the cytosol leading to caspase 3 activation has recently been shown to play a major role in the initiation of apoptosis through the 'mitochondrial' or 'stress-induced' pathway (46, 47) . Apoptosis plays an important role in neuronal migration and patterning of the brain; a null mutation of mouse cytochrome c leads to early lethality of developmentally delayed embryos (47) . There are precedents for mutations in genes affecting mitochondrial oxidative phosphorylation as a cause for neurological abnormalities. Deficiency of cytochrome c oxidases and mutations in nuclear genes SURF1 and SCO2 that encode proteins with a role in cytochrome c oxidase assembly result in neurodevelopmental disorders (Leigh syndrome) (48, 49) . Mutations in another component that is important for mitochondrial respiration, the X-linked E1a subunit of the pyruvate dehydrogenase (PDH) complex, are found in patients with Leigh syndrome (50) and agenesis of the corpus callosum (51) .
There are several possible explanations for the variability in the phenotype of the embryos. Variable patterns of X chromosome inactivation may be present in heterozygous MLS D /X embryos. Since Hccs is the most important contributor to the lethality, there may be residual mitochondrial oxidative phosphorylation in the early embryo because of the presence of maternally inherited mitochondria. Also, all experiments were performed on a mixed genetic background (129/SvEv, C57BL6/J and FVB/N) and modifier genes may influence the phenotype. Specifically, 129 and C57 mice carry different alleles of the X-controlling element (Xce), a regulatory locus that influences which X chromosome is selected for inactivation. Female offspring of intercrosses between C57 and 129 may carry two Xce alleles, causing This table shows results of embryo genotyping from 13 timed matings: six at E8.5, five at E9.5, and two at E10.5. The average number of embryos found per mating was 7.7 at E8.5, 8.6 at E9.5, and 5.0 at E10.5.
a 'Expected' refers to the total number of embryos of each genotype that would be expected based on Mendelian segregation of the parental genotypes.
skewed X inactivation patterns, whether or not a deleterious mutation is present (44, 45) . To our knowledge, the Xce allele of FVB/N has not been characterized. Developmental defects such as agenesis of the corpus callosum, a major phenotypic feature of human MLS syndrome, are certainly straindependent. Further studies on animals that have been backcrossed to pure genetic backgrounds will address these issues.
Having established that human HCCS rescues the lethality and all obvious features of MLS, it is intriguing that we observed a higher than expected rate of embryonic loss even in the presence of this transgene. This could be due to genetic background effects or subtle differences in levels or patterns of expression of the human transgene compared with the endogenous mouse gene.
Our data indicate that, even though rescue of embryonic lethality is not 100%, the surviving deleted mice that express the human HCCS appear healthy. The single heterozygous deleted (MLS D /X) female that does not express the HCCS transgene most likely survived because of patterns of X chromosome inactivation favoring the wild-type allele. Currently, we are still breeding this animal to investigate whether she will produce offspring with the same genotype and further pathological studies to characterize her phenotype in more detail are planned in the future. These findings suggest that HCCS is not only responsible for male lethality of MLS syndrome, but may also play a significant role in the other clinical features. Current investigations underway in our laboratory will further address this by comparing the phenotype of this line of mice to that of two other partially overlapping deletions that we have generated. Both also result in loss of Hccs, but in addition one affects additional 5 0 untranslated exons of Mid1, while the other removes the entire Arhgap6 gene. We are also generating tissue-specific deletions by crossing double-targeted mice to mice expressing Cre-recombinase in forebrain, eye and skin. These experiments will be critical to pinpoint the exact role of HCCS in the development of the corpus callosum, eyes and skin, which are the structures most commonly affected in human MLS syndrome.
MATERIALS AND METHODS
Generation of Hccs, 61b3r and Arhgap6 targeted mice
The Hccs null mutation, the 61b3r replacement and the Arhgap6 rhoGAP-domain deletion were all generated by replacing critical regions of their respective genomic loci by replacement vectors PL13 and PG12 (52) (gift from Allan Bradley, Baylor College of Medicine, currently at the Sanger Centre) that after homologous recombination introduce a properly oriented loxP site and exons 1-2 of a human hypoxanthine-guanine phosphoribosyl-transferase (HPRT) minigene and a neomycin-resistance cassette (Hccs and Arhgap6 replacement constructs), or introduce exons 3-9 of the HPRT minigene and a puromycin-resistance cassette (61b3r construct). The Arhgap6 replacement construct assembled in this vector was previously described in detail (20) . To generate the Hccs and 61b3r replacement constructs we screened a 129/SvEv genomic library (Allan Bradley) with an Hccs cDNA probe (13) and with a 61B3R genomic probe (15) . After linearization, the assembled targeting vectors were electroporated into Hprt-deficient 129S7/SvEvBrd-Hprtb-m2 ES cells; individual colonies were screened by Southern hybridization with 5 0 and 3 0 external probes represented in Figures 1 and 2 ; positive clones were injected in C57BL6/J blastocysts and offspring of chimeric males were screened by Southern analysis of tail DNA as described (20) .
Generation of HCCS BAC-transgenic mice
Human BAC clone GS602M16 (Genbank number AC003657) was completely sequenced by the BCM Human Genome Sequencing Center and contains the HCCS gene, exons 12-14 of Arhgap6 and 40 kb of the region 5 0 to Hccs. BAC DNA was linearized by restriction digestion, purified from a pulsed-field gel, diluted to a concentration of 1 pg/ml and microinjected into a total of 73 FVB oocytes. Southern analysis with HindIII on tail DNA from transgenic mice detects a 7.5 kb human-specific genomic fragment.
Generation of mice with the MLS D deletion
The 61b3r targeting construct was electroporated into Arhgap6 rhoGAP-domain targeted ES cell clones that had been successfully transmitted to the germline (72D3) (20) . Electroporated clones were plated onto embryonic fibroblast feeder layer cells and grown without selection for 24 h, then double selection for neomycin and puromycin resistance was introduced for 10 days. DNA from individual colonies was screened for correct integration of both targeting constructs using the enzyme combinations shown in Figure 2A and B. To detect deletions we performed Southern analysis with NdeI as shown in Figure 2C .
To generate the deletion in ES cells, doubly targeted ES-cell clones were electroporated with a Cre-expressing plasmid. To generate deletions in vivo, doubly targeted ES cell clones were injected into C57BL6/J blastocysts; chimeras and offspring were screened using the same Southern analysis protocols ( Fig. 2A and B) . Doubly targeted animals were mated to EIIACre recombinase-expressing transgenic mice (from Heiner Westphal, NICHD, Bethesda, MD, USA) and screened for the presence of the Cre-recombinase transgene by PCR amplification with primers CreA1 (5 0 -CCGGGCTGCCACGACCAA-3 0 ) and CreA2 (5 0 -GGCGCGGCAACACCATTTTT-3 0 ) at annealing temperature (T a ) of 55 C, and for the deletion by Southern analysis with NdeI (Fig. 2C) .
Pathological analysis
Tissues were fixed in 4% formaldehyde, dehydrated and embedded in paraffin. Sections were cut at 10 mm thickness, stained with hematoxylin and eosin and examined at 200-630Â magnification with an Axiophot microscope (Carl Zeiss, Thornwood, NY, USA)
Northern analysis and RT-PCR analysis
To examine HCCS expression from the human BAC transgene, total RNA was prepared from tissues using Trizol (Life Technologies-GIBCO   TM , Carlsbad, CA, USA) and northern blots prepared as previously described (20) . A 700 bp fragment from the human HCCS cDNA was used as a probe. For various RT-PCR analyses, total RNA was reverse-transcribed using the Superscript II reverse transcriptase kit (Life Technologies-GIBCO   TM , Carlsbad, CA, USA) with a standard protocol; 0.5-2 ml of the reverse-transcribed cDNA was amplified with following primer pairs, using standard PCR conditions-for mouse Hccs: 10-14F ( 
Embryo dissection and genotyping
Timed matings were established and the morning on which the plug was found designated as day E0.5. After female mice were anesthetized and sacrificed (at days E8.5, E9.5 and E10.5), the uteri were dissected and immediately transferred to sterile cold PBS; individual conception sites were dissected in PBS under a Zeiss SV11 stereoscope in PBS and embryos were fixed for 15 min to 2 h (depending on size) in 4% freshly prepared paraformaldehyde in PBS and stepwise dehydrated and transferred to 70% ethanol for storage. DNA for PCR analysis was prepared according to an adapted established protocol: yolk sacs or tissues were put in 20-50 ml lysis buffer (20 mM Tris pH 8.4; 50 mM KCl; 0.045% NP40; 0.045% Tween-20; 50 mg/ml proteinase K) overnight at 55 C, heated to 95 C to inactivate the proteinase K and then centrifuged for 10 min. In standard PCR reactions 0.5-2 ml of the supernatant were used with primer for each genotype. To determine the sex of the embryos, primers XY-F (5 0 -TGAAGCTTTTGGCTTTGAG-3 0 ) and XY-R (5 0 -CCGCTGCCAAATTCTTTGG-3 0 ) (T a 55 C) amplified a 300 bp fragment from females and a 300 and 320 bp fragment from males. To detect the presence of the HCCS transgene, we used primers 27581 (5 0 -TAATCTACTTC-TCTCATCCTCTGG-3 0 ) and 27582 (5 0 -TTCTTTTTGTCAAG-TGGGACT-3 0 ) (T a 53 C) specific for the human BAC containing the HCCS gene. The wild-type 61b3r sequence was amplified with primers 61b3rforw (5 0 -CTTTTTGTCTTT-GTTTTTGATG-3 0 ) and 61b3rrev (5 0 -ATCACTAACCAACTT-CCTTCCT-3 0 ) (T a 56 C), while the wild-type Arhgap6 locus sequence was amplified with primers rhoGAPforw (5 0 -AGA-ATTTGACCGTGGGGTTG-3 0 ) and rhoGAPrev (5 0 -GAGTGT-TGATAAATGCAGTG-3 0 ) (T a . 55 C); both disappear upon insertion of the targeting constructs. To detect targeted alleles, we used sets of primers that amplify the neomycin and puromycin resistance markers in the targeting vectors as follows: Neo1 (5 0 -AGAGGCTATTCGGCTATGACTG-3 0 ) with Neo2 (5 0 -TTCGTCCAGATCATCCTGATC-3 0 ) (T a 54 C) and Puro1 (5 0 -GCGCAGCAACAGATGGAAGGC-3 0 ) with Puro2 (5 0 -CCGCTCGTAGAAGGGGAGGTTG-3 0 ) (T a 60 C). To detect deletions we used primers HPRT1 (5 0 -GTTATGACC-TTGATTTATTTTGC-3 0 ) and HPRT2 (5 0 -GCTTATATCCAA-CACTTCGTG-3 0 ) (T a 54 C) that amplify between the 5 0 and 3
0
HPRT exons, which become in proximity of each other when the intervening sequence is deleted. All of these primers were first validated on DNA extracted from mouse tails that was previously genotyped by standard Southern methods. Because this PCR reaction amplifies a 2 kb fragment, it is not 100% successful from the embryonic DNA samples, therefore the presence of deletions in embryos was also inferred where this was possible from comparison of parental genotypes with results on other PCRs, such as sex and presence of wild-type allele.
